Avidin molecules in which a fraction of the four binding sites were occupiea by biotin did not dissociate completely in 6.4M-guanidinium chloride. Only unoccupied subunits dissociated. The remainder recombined to form the tetrameric avidin-biotin complex. The rate at which unoccupied subunits were unfolded and dissociated was only decreased by one-half in species in which three of the four binding sites were occupied by biotin. These results can be explained by assuming that unfolding of unoccupied subunits followed by dissociation from the tetramer is initiated by penetration of guanidinium ions into the binding site and disorganization of this region of the subunit. When a site is occupied by biotin this pathway is blocked and the subunit does not unfold. Each subunit behaves independently and is not markedly stabilized when neighbouring subunits are occupied.
The marked stabilization of the tetrameric form of avidin by biotin (Green, 1963b) suggested that it might be a suitable system for study ofthe mechanism of dissociation of oligomeric proteins by guanidinium chloride. Ideally, one would hope to formulate the process as a reversible dissociation and consider the effects of biotin and guanidinium chloride on the equilibrium. An approach of this type has been applied to the unfolding of single-subunit proteins (Tanford, 1970) but not as yet to stable multisubunit proteins.
However, previous experiments had indicated that the dissociation of avidin could not be treated in this way, since it had been observed that concentrations of guanidinium chloride sufficient to produce significant dissociation (e.g. 4-4.5M) also prevented reassociation ofunfolded subunits. This led to a marked hysteresis, so that in 3.0-3.5M-guanidinium chloride it was possible to obtain either tetramers or monomers and these did not interconvert in periods of 1 or 2 days. No completely satisfactory explanation for these effects was advanced, but it seemed most likely that the unfolded monomer was the stable species and the tetramer was stable in 3 M-guanidinium chloride because of some kinetic block. Similar effects have been observed when aldolase is dissociated by urea (Deal & Van Holde, 1963) and when apoferritin is dissociated by low pH (Crichton, 1972 the four subunits of the protein (Green, 1964) . When all four sites are saturated the avidin becomes resistant to dissociation into subunits by 6M-guanidinium chloride at neutral pH (Green, 1963b) and the four tryptophan residues associated with each binding site are no longer oxidizable by N-bromosuccinimide (Green, 1963a) . Previous experiments (Green & Ross, 1968) showed that in partially saturated species each biotin molecule protected one subunit against the action of N-bromosuccinimide and had no effect on the reactivity of sites on neighbouring subunits. We have now extended this approach to study the dissociation induced by guanidinium chloride. Since the dissociation of avidin was not thermodynamically reversible we have measured the effect of biotin on the rate of dissociation under conditions where the reaction in the absence of biotin goes to completion.
In this way we hoped to distinguish two possible modes of competition between guanidinium chloride and biotin. If the guanidinium chloride acts primarily on the intersubunit bonds then biotin must stabilize these indirectly, since the binding sites are not at the intersubunit surfaces (Green & Ross, 1968) . If, on the other hand, the biotin-binding site provides a weak point in the tertiary structure, then exclusion of the guanidinium ion from this site by the biotin could account for the observed stabilization. Thus, a direct action of guanidinium ions on the intersubunit bonds need not be involved, and dissociation would be a consequence of a partial unfolding of the subunit initiated at the binding site. In this case, the rate constant for dissociation should be relatively unaffected by binding of biotin by neighbouring subunits and the extent of dissociation should be proportional to the number of unoccupied binding sites. In contrast, if the action of the guanidinium chloride was initially on the intersubunit bonds then the rate constant for dissociation would be expected to be a function of the occupancy of both subunits which contribute to a particular bond, since the interactions are symmetrical (Green & Joynson, 1971) .
In these experiments the extent of dissociation has been assumed to be proportional to the spectral shift which accompanies unfolding of avidin. Although a detailed correlation of molecular weight with spectral shift has not been attempted, the results of previous experiments (Green, 1963b) obtained by several techniques (spectral shift, sedimentation equilibrium, osmotic pressure, fluorescence polarization and measurement of biological activity) were consistent with a two-state transition from active tetramer to inactive monomer, which would justify the assumption. It is likely that partly unfolded tetramers are intermediates in the transition and to that extent the assumption is an approximation, but this does not affect the conclusions of this paper which are based on long-term experiments where the nature of the intermediates is unimportant.
Materials and Methods
Avidin was purified and crystallized by the method of Green & Toms (1970 (Green, 1963a) . Solutions of avidin-biotin complex of different degrees of saturation were prepared by slow addition of the calculated amount of biotin (2.0mM) to a solution of avidin (2.4mg/ml), which was wellstirred to ensure random distribution of biotin among the binding sites of avidin. The fraction of unoccupied sites was calculated from the difference between total sites on avidin and added biotin. When the sample was to be run on the columns of Sephadex G-100, the solution was prepared at a higher concentration (16mg/ml) before addition of 3vol. of 8M-guanidinium chloride. This sample (0.5ml) was applied to the column after incubation at 37'C for 1 h.
Gel filtration in guanidinium chloride A column (1cm x 75 cm) was prepared from a suspension of Sephadex G-100 in guanidinium chloride (6M, in 0.05M-sodium phosphate buffer, pH6.8). The column was run with upward flow at a rate of 0.08ml/min by using a Perpex pump (LKB 12000) and a time-operated fraction collector. The protein concentration of each fraction was determined from its E282 (El,rm = 15.4; Green & Toms, 1970) . The fractions were pooled in pairs, dialysed against 0.05M-sodium phosphate buffer, pH6.8, and concentrated by vacuum dialysis. Under these conditions biotin-free subunits refolded to give active avidin, which was then determined by titration with biotin by using the dye 2-hydroxyazobenzene-4'-carboxylic acid (Green, 1970) . This located the elution position of biotin-free avidin; that of biotinbound avidin could be obtained by difference.
Results
The rate of dissociation of avidin is proportional to the twelfth power of the concentration of guanidinium chloride (Green, 1963b sibilities of either complete dissociation to monomers or dissociation of the unfolded subunits only, the reaction products were examined by gel filtration on a column of Sephadex G-100 in 6M-guanidinium chloride (Fig. 3a) . The location of unoccupied subunits was determined from their potential biotinbinding activity. Previous experiments had shown that monomer and tetramer were well-resolved in 0.1 M-HCl (Green & Ross, 1968) , but in 6M-guanidinium chloride separate columns run with A4B4 and A (where A represents avidin and B represents biotin) showed a less favourable situation. The monomer emerged about 6ml earlier in the guanidinium chloride and overlapped extensively with the tetramer (Fig. 3b) . This is to be expected if the monomer in guanidinium chloride is more extensively unfolded than in 0.1M-HCl (Green & Melamed, 1966) , since unfolding is accompanied by a large increase in Stokes radius (Fish et al., 1970) .
The elution patterns obtained when partially saturated avidin was dissociated (Fig. 3a) were compared with curves calculated on the assumption that the occupied subunits had reassociated to give A4B4 and the unoccupied ones had remained monomeric (Fig. 3b) Vol. of effluent (ml) Fig. 3 . Separation ofreaction products after treatment of 60%-saturated avidin with 6M-guanidinium chloride (a) The reaction products (1.6mg) were chromatographed on a column (7cm x 70cm) of Sephadex G-100 in 6M-guanidinium chloride. The location of the potential biotin-binding activity of the unfolded subunits expressed in units of E282 (-) was determined after removal of the guanidinium chloride, as described in the Materials and Methods section. The results were compared with a control curve (b; ----) calculated by adding the experimental curves for A4B4 (left-hand continuous curve in b) and unfolded avidin monomer, A, (right-hand continuous curve in b) in the proportions 60% A4B4 to 40% A. The void volume (V0) of the column and the elution volumes for A4B4 and A in 0.1 M-HCI are indicated by arrows. calculated curves and shows that the unoccupied subunits run predominantly in the position of the monomer. The shoulder of monomer was about 20 % smaller than calculated for complete dissociation of the unoccupied subunits. Similar results were obtained with avidin in which 70% of the sites were vacant. It may therefore be concluded that in 6M-guanidinium chloride most of the tetramers with vacant subunits dissociated to give unfolded biotinfree monomers and, by re-association of occupied subunits, biotin-saturated tetramers.
Discussion
The results as a whole resemble those obtained when partially saturated avidin-biotin complexes were oxidized with N-bromosuccinimide (Green & Ross, 1968) and the overall reaction can be represented similarly:
A4B. -A4B4+(4-n)A This reaction cannot occur by migration of biotin molecules since in 6.4M-guanidinium chloride there would be few active sites available to receive them. Some loss of bound biotin would then be expected which is contrary to the conclusions from Fig. 1 periods in 6.4M-guanidinium chloride. Both this, and the observation that the rate of unfolding of unoccupied subunits was not greatly decreased when neighbouring subunits were occupied, are most simply explained by the second hypothesis put forward in the introduction. In other words, it appears that the dissociation of the tetramer in guanidinium chloride is a consequence ofpenetration of guanidinium chloride in the neighbourhood of the binding site and that the biotin prevents dissociation by excluding the dissociating agent from the sensitive region. The alternative hypothesis involving allosteric stabilization of intersubunit bonds by biotin seems much less likely, though it cannot be absolutely excluded. A similar mechanism has been proposed to account for the stabilization of a single-subunit protein, chymotrypsin, by acylation of the active centre (Bernhard & Rossi, 1968) and it would seem to be a likely general way of accounting for the many knownexamplesofstabilizationofproteinsbybinding of specific ligands (see e.g., Cathou & Werner, 1970; Schechter et al., 1968) . Although stabilization of a protein by ligands is a common observation there are few quantitative results available for comparison with the present experiments. It is possible that the mechanism of protection that we favour here will be dominant with any oligomeric protein which is not in equilibrium with significant proportions of monomer. In these proteins the stable intersubunit bonds will be relatively inaccessible to dissociating agents. In contrast, in proteins such as oxyhaemoglobin, where significant proportions of dimer are in equilibrium with tetramer, dissociation will be promoted by any compound that can bind to the accessible intersubunit surfaces. Here, the stabilization after deoxygenation (Perutz, 1970; Kellett, 1971 ) is a clear example where a change in liganding produces an allosteric modification of inter-subunit bonding, as envisaged in the first mechanism considered in the introduction.
We therefore propose the following tentative generalization. When the intersubunit bonds are strong (e.g. when no significant subunit interchange can be detected in hybridization experiments in the absence of denaturing conditions; K<10-11M; cf. Meighen & Schachman, 1970) ligand-binding sites are likely to be weak points in the protein structure and will be the main sites for attack by dissociating agents. Ligands will therefore stabilize the structure by direct competition. When the intersubunit bonds are relatively weak (K> 10-8M) the same mechanism may still operate, but it is likely to be overshadowed by solvation or distortion ofthe intersubunit surfaces, so that protection by the ligand would imply an allosteric effect leading to less solvation and/or more stable intersubunit bonds. In this situation examples may be found of ligands that have little or no effect on dissociation of the subunits. Although distinction between these extreme mechanisms may be possible, intermediate types of pathway may cloud the issue. Avidin provides a particularly favourable example for study, since the stabilization by biotin is so marked, but even here only a tentative answer is possible.
